Abstract The European red squirrel (Sciurus vulgaris) has suffered a 20 % decline in range in Ireland since the introduction of the eastern grey squirrel (Sciurus carolinensis) in 1911. In the UK, squirrelpox virus (SQPV) has been identified as being a major contributor to the decline of red squirrel populations but has only recently been confirmed in a red squirrel from Wicklow in Ireland with anecdotal references to a previous outbreak in the Shankill area of south County Dublin and a case in Kilmacanogue, north County Wicklow. The current study examined a sample of grey squirrels from these areas for SQPV seroprevalence. Enzyme-linked immunosorbent assay (ELISA) tests were carried out on sera from 51 grey squirrels culled from two sites in south County Dublin, areas A and B, and a third site in north County Wicklow, area C. The results indicated declining SQPV seroprevalence rates moving northwards from Wicklow, 55 % in area C, 50 % in area B and 11 % in area A. The low levels of seropositivity in Killiney (A) suggest that this is the wave-front of grey squirrel expansion from Wicklow and that the population may not yet have reached the threshold density for SQPV transmission to the red squirrel population to occur. The results of this study indicate that there is potential overlap between seropositive grey squirrel populations and susceptible red squirrel populations with obvious implications for conservation and management.
Introduction
Since the introduction of the eastern grey squirrel to Ireland in 1911 (Watt 1923) , the European red squirrel has suffered a 20 % decline in range resulting in its classification as 'Near Threatened' in the Mammal Red List for Ireland (Marnell et al. 2009 ). While there is no record of direct aggression between red and grey squirrels, both species have similar habitat requirements and behavioural patterns in broadleaved forests (Wauters et al. 2002) . While competition between the species may lead to reduced numbers of red squirrels over time, outbreaks of squirrelpox virus (SQPV) have been shown to increase the rate of red squirrel replacement by 17-25 times compared to areas without the disease (Rushton et al. 2006) . SQPV causes severe exudative dermatitis in red squirrels, with lesions developing on the face, feet and genitalia (Sainsbury and Ward 1996) . In contrast, reports of grey squirrels exhibiting symptoms caused by a parapoxvirus are rare (Duff et al. 1996; Atkin et al. 2010) .
Although grey squirrels were introduced into Ireland in 1911, the first confirmed cases of SQPV were only reported in 2011. Two populations in Northern Ireland, Tollymore Forest Park, Co. Down and the Glens of Antrim, were found to have deaths caused by SQPV (McInnes et al. 2013) and in the Republic of Ireland, a single case was confirmed in Hollywood, Co. Wicklow (Naulty et al. 2013) . A second case was reported in early 2012 from Kilmacanogue, north Co. Wicklow. Prior to this, two red squirrels exhibiting 'myxomatosis-like' symptoms were reported from Shankill in south County Dublin (36 km from the confirmed case; Carey et al. 2007 ). However, none of these cases were submitted for confirmation. SQPV seroprevalence in grey squirrels has been assessed for four counties in the Republic of Ireland and from Northern Ireland with approximately one third of all animals tested proving positive (McInnes et al. 2013) . Seroprevalence rates in the republic varied from 0 % in the south of the country at the extreme edge of the grey squirrel range to 60 % in the midlands closest to the original introduction point. The aim of this study was to assess grey squirrel SQPV seroprevalence for a sample of animals obtained in south County Dublin and north County Wicklow, in the region where cases of SQPV deaths in red squirrels were reported.
Materials and methods
Three general study areas were chosen: (A) the location of a recent red squirrel translocation and (B) and (C) the locations of suspected SQPV cases in red squirrels (see Fig. 1 ). Grey squirrels first reached area A in 2005 with areas B and C representing more established sites. Area B is a known corridor linking the more extreme sites (Naulty, unpublished data) . Individual capture sites comprised both municipal land and private property which were accessed with the landowner's permission. Additional samples were provided for area A through culling work associated with the Killiney Red Squirrel Project. Trapping took place between January and July 2013. The total trapping effort was 197 trap days. It is not appropriate to compare effort between areas as area C was a 25-ha mixed woodland in a rural area, area B sites were fragmented woodland areas in a suburban setting and the majority of area A sites (6/8) were in urban gardens with bird feeders attracting known squirrels. Squirrels were live trapped between 6:30 and 14:30 hours daily using non-lethal wire mesh cage traps (TrapMan Ltd., Lancashire, UK) baited with peanuts. Traps were checked every 2 h. A cloth handling cone was used to remove the squirrels from the traps (Koprowski 2002) . Euthanasia was carried out by cervical dislocation immediately followed by collection of blood samples by cardiac puncture in plain blood tubes. Animals were sexed and an assessment of external genitalia used to classify them as juvenile or adult (Wauters and Dhondt 1995; Ferryman et al. 2006) . Animals were also subjected to a gross post mortem examination. Female reproductive status was confirmed during this examination.
For the SQPV enzyme-linked immunosorbent assay (ELISA), sera were collected following centrifugation and stored at −20°until required. The ELISA protocol used was as described by Sainsbury et al. (2000) .
A chi-square analysis (χ 2 ) was used to analyse differences in the seroprevalence between study areas. Confidence levels of p<0.05 were considered significant.
Results
In total, 51 animals were trapped as follows: area A=28, area B=14 and area C=9. The majority of the sample consisted of adult squirrels with five juveniles captured in area A (see Table 1 ). Gross post mortem examinations did not reveal significant abnormalities; in particular, there was no macroscopic evidence to suggest systemic illness or features of SQPV infection. Upon internal examination, one adult female had focal non-specific inflammatory hepatic lesions (likely bacterial), another adult female showed signs of a regional chronic pneumonia, while a lesion suggestive of a parasitic cyst was detected on the liver of a juvenile female. Further investigations of these lesions was not undertaken.
SQPV ELISA
Serum samples from all 51 animals were tested for SQPV antibodies. Overall, 29 % of animal were positive and all were adults. The rate of seroprevalence declined moving northwards from Wicklow, area C (56 %, n=9), area B (50 %, n= 14) and area A (11 %, n=28). Pooling results from areas B and C (due to small sample size) indicated a significant difference in seroprevalence between area A and the combined B/C areas (11 % compared to 52 %: χ 2 =10.455, df=1, p<0.001). Five of the sample sites in area A surrounding a recent red squirrel translocation site had no seropositive animals; all other sites had at least one positive animal (see Fig. 1 ).
Discussion
This is the first study to examine the extent of SQPV seroprevalence in grey squirrels in the Dublin and Wicklow areas where cases of SQPV have previously been reported in red squirrels (Naulty et al. 2013 ). The overall seroprevalence found was 29 % (15/51). Previous research on grey squirrels in Ireland (McInnes et al. 2013) confirmed the presence of SQPV antibodies in grey squirrel populations in three out of four other counties sampled; Kildare (26 %), Meath (31 %), Monaghan (60 %) and Tipperary (0 %) with an overall seroprevalence of 34 % (65/191) . This is considerably lower than the findings of Sainsbury et al. (2000) of 61 % in Britain, but consistent with the findings of the current study. In the study by McInnes et al. (2013) , grey squirrels from County Tipperary, which is thought to be at the current wavefront of the grey squirrel expansion, were all negative for SQPV (n=23). It was hypothesised that grey squirrel densities in this location have not yet reached the threshold density necessary for SQPV transmission (Rushton et al. 2006; Sainsbury et al. 2008) . A similar phenomenon may be occurring in the current study areas, particularly area A. While sample sizes at the majority of individual sites were low, this was a reflection of the low density of squirrels within the study areas. Grey squirrels first arrived in area A in 2005 and a grey squirrel cull has been ongoing since 2008 (Naulty, unpublished data) . The level of seroprevalence in area A was low (11 %) when compared to the other more established grey squirrel areas B and C, 56 and 50 %, respectively. Positive sites within the established area were detected with low sample numbers. Interestingly, within area A with the larger sample size, grey squirrels captured in the closest proximity to the Dublin City side of the area (n=21, see Fig. 1 ), were all seronegative, suggesting that the potential source of SQPV infection is the migration route from area C through area B into area A.
Although no red squirrel deaths from SQPV were confirmed in the Republic of Ireland prior to 2011 (Naulty et al. 2013 ), this does not mean that disease outbreaks did not occur. The presence of SQPV in grey squirrels on the Island of Ireland (McInnes et al. 2013 ) further highlighted in this study, drives forward the concerns regarding significant threats to the remaining populations of red squirrels.
While not all seropositive animals may be actively shedding virus particles, serving as a source of infection (Bruemmer et al. 2010) , our study indicates that SQPV transmission by the grey squirrel population poses a potential threat to the resident red squirrel population, emphasising the need to prevent grey squirrels from area B dispersing towards area A. Therefore, it is imperative to take SQPV into account when considering conservation efforts for red squirrels.
